Knowledge regarding the amount of blur perceived to be "bothersome" to an individual, namely that which is assumed to be annoying and to adversely aVect task performance, remains limited. A Badal optical system was used to measure the blur detection, bothersome blur, and non-resolvable blur dioptric thresholds monocularly either to an isolated 20/50 or 20/200 Snellen E, or to three 20/50 lines of text. Subjects were comprised of 13 visually normal young adults and 3 absolute presbyopes. Cycloplegia was used to paralyze accommodation in the young adults. Within each target type for the young adults, the mean bothersome blur threshold was always signiWcantly larger than that found for blur detection and signiWcantly smaller than that found for non-resolvable blur. Across target types and blur criteria, the bothersome blur thresholds for the isolated 20/50 E (1.02 D) and the 20/50 text (1.34 D) were not signiWcantly diVerent, although in 12 of the 13 subjects the latter were larger (p < 0.002, sign test). However, both were signiWcantly smaller than for the isolated 20/200 E (1.80 D). In a subset of young adult subjects, bothersome blur was found to be repeatable over time. The results were similar in the absolute presbyopes. The bothersome blur threshold was primarily inXuenced by target detail and secondarily by target extent. These Wndings have important implications with respect to tolerances for optical lens design and refractive surgery outcomes, as well as provide insight into basic aspects of human blur perception. 
Introduction
Conventional laboratory-based measures of blur perception are relatively pure neurosensory threshold phenomena (Green, Powers, & Banks, 1980; Tucker & Charman, 1975; Wang & CiuVreda, 2004a , 2004b ). The individual simply indicates if either target clarity or target blur has changed, without making any judgment of if, and to what extent, the resultant blur might adversely aVect task performance or invoke a sensation of annoyance. More complex higher-level cognitive aspects are minimally involved. However, if the subject were now asked to judge when the blur became "bothersome", that is undesirable and annoying, and presumably adversely aVecting task performance such as resolving Wne details or reading eYciency, a signiWcant higher-level cognitive aspect is added to the primary neurosensory task. That is, some judgment about the eVect of the blur would also be required of the subject.
But at what point does the blur become "bothersome"? This may be especially noteworthy when focusing through the central near corridor of a progressive addition lens (PALs) (Cho & Benjamin, 1998) , with the degree of astigmatically induced blur becoming increasingly larger for objects lying at increasingly greater distances from this focused central region (Cho & Benjamin, 1998; Selenow, Bauer, Ali, Spencer, & CiuVreda, 2002) . And, in this speciWc case of PALs, at what point does the blur become suYciently "bothersome" to demand initiation of an eye and head movement to see clearly once again through the central near corridor? . It also has implications with respect to accuracy of refractive correction (Appleton, 1971) . Hence, this notion of bothersome blur has considerable practical ramiWcations with respect to lens design, refractive correction, and near work visual eYciency.
While there have been numerous basic and clinical studies involving human blur perception (Wang & CiuVreda, 2004b, in press , for a review), there have only been three investigations that have attempted to relate the degree of one's blur sensation to some functional vision aspect. Fisher (1997) had presbyopic subjects carefully alter their lateral gaze through the near zone of various PALs at 40 cm, until they reached the limits of "clear and comfortable" vision with 20/50 printed material. These limits agreed well with the induced ¡1.00 D astigmatic lens contour. However, these Wndings only indirectly related to the subject's depth-of-focus. Plakitsi and Charman (1995) selected the criterion of "adequate vision" (i.e., 20/40 Snellen visual acuity) to specify the eVective depth-of-focus. Using this criterion, the total depth-offocus was unusually large in the young adults tested, ranging from §1.6 to §2.2 D rather the more typical values for high contrast foveal threshold targets of §0.4-0.6 D or so (Campbell, 1957; Wang & CiuVreda, in press) . Particularly relevant to the present study was the recent investigation of Atchison, Fisher, Pedersen, and Ridall (2005) . They used three functional dioptric-based blur criteria with reference to the "best clear position" (i.e., the position of maximal target clarity), with the Wrst criterion being the same as in the present study. These included: (1) "just noticeable blur", the point at which one Wrst notices slight blur of previously in focus letters; this represents one-half the depth-of-focus (Wang & CiuVreda, 2005a) , (2) "just troublesome blur", the point at which one is Wrst troubled by the blur of the still readable letters, and (3) "just objectionable blur", the point at which one refuses to accept the level of image degradation, even if the letters are still readable. They found that the three blur criteria were aVected by pupil size and target detail, with the dioptric level being least with largest pupils and Wnest target details. As the successive blur criteria were sequentially attained, the relative increase in dioptric blur magnitude was t0.6, with this ratio being relatively independent of letter size. That is, if the "just noticeable blur" value were 1.0 D, the successive blur criterion magnitudes would be about 1.6 and 2.2 D, respectively, for "troublesome" and "objectionable" blur.
The purpose of the present study was to determine the "bothersome blur" threshold, a proposed unit of functional blur. Furthermore, this was compared with the initial blur detection threshold (e.g., depth-of-focus) and the nonresolvable blur threshold, in both young adults and in absolute presbyopes, with this being assessed in some subjects over extended periods of time.
Methods

Subjects
Thirteen young adults (ages 21-36 years) and 3 absolute presbyopes (ages 57-62 years) served as subjects, all of whom were either students or faculty at the SUNY/State College of Optometry. In the young adults, the group mean spherical and cylindrical refractive corrections of the tested right eye were ¡0.65 § 0.50 D and ¡0.59 § 0.18 D, respectively. In the presbyopes, the group mean spherical and cylindrical refractive corrections were ¡2.25 § 1.46 D and ¡0.33 § 0.33 D, respectively. Subject experience in general psychophysical experiments ranged from modest to high. All had corrected Snellen visual acuity of 20/20 or better in the tested right eye. None reported or had evidence of ocular, systemic, or neurologic disease or any type of vision dysfunction. Each subject in the young adult group was prescreened by a licensed optometrist and found to be free of any potential adverse side eVects from the administration of 1% cyclopentolate HCL used for both cycloplegia and pupillary dilation during testing (Jose, Polse, & Holden, 1983) . Since cycloplegia was not required for the absolute presbyopic subjects, no prescreening was performed. However, each received a full vision examination within the past year and were free from ocular and neurological disease. According to the guidelines of the World Medical Association Declaration of Helsinki (British Medical Journal 1991; 302:1194) , the experiment was undertaken with the full understanding and written informed consent of each subject, and it was approved by the campus Institutional Review Board.
Apparatus
A Badal optical system was aligned along the line-ofsight of the subject's right eye. It was used to present the test targets (Fig. 1A ). An artiWcial pupil (AP) of 5 mm diameter was placed at the spectacle plane and served as the eVective entrance pupil of the eye during all testing. A carefully aligned headrest/chinrest assembly was used to maintain head stability.
The apparatus consisted of a Badal camera lens (L), an iris diaphragm (ID), a slide holder (SH), and a small light box (LB) (Fig. 1B) . L was a high-resolution macro camera lens, with its secondary focal point coinciding with the nodal point of the right eye. Behind L, an iris diaphragm (ID) was positioned with the aperture diameter adjusted to 12.6 mm, which subtended a total visual angle of 8° at the nodal point of the subject's right eye. This served as the Weld-limiting aperture. A slide holder (SH) was attached to the front of the small box containing an incandescent light source (LB) and positioned behind the iris diaphragm (ID). It was dioptrically placed at the far point of the subject's right eye.
The three test targets were placed on the slide holder and centered in the visual Weld. They were comprised of ( , with a contrast of 91% for all test conditions. Test letter font was "Arial Black" with a 4 £ 3 pattern ratio and a 1:5 angular detailed ratio. Letter size of 20/50 was used throughout for direct comparison across conditions.
The iris diaphragm (ID), slide holder (SH), and small light box (LB) were mounted on a micrometer stage, so that the test target could be manually displaced very smoothly and slowly by the experimenter (approximately 0.1 D/s) (Mordi & CiuVreda, 1998; Vasudevan, CiuVreda, & Wang, in press; Wang & CiuVreda, 2004a , 2005a , 2005b . Resolution was 0.05 D.
All optical elements were mounted on the micrometer stages with an X-Y-Z axis conWguration for Wne alignment. The centers of the artiWcial pupil, iris diaphragm, test target, and camera lens were made coincident with laser alignment.
Procedures
Prior to the commencement of testing, all subjects received several minutes of criterion-based training in the recognition and conceptualization of "detectable blur", "bothersome blur", and "non-resolvable blur" in the test device by manipulation of the test target position. The practice trials were repeated several times, until the subject felt assured with the task and criteria. "Detectable blur" referred to the minimum amount of defocus blur that made the target just slightly less sharp than its in-focus appearance at the far point. "Bothersome blur" referred to the minimum amount of additional defocus blur that made the target perceivably annoying and would presumably impair task performance such as reading or identifying objects; however, the letter or the text still remained easily recognizable. "Non-resolvable blur" referred to the minimum amount of additional defocus blur that made the letter or the text incapable of being recognized and read.
Following the practice trials, the right eye (RE) of the subject in the young adult group was cyclopleged and dilated with two drops of cyclopentolate HCL (1% Akpentolate, 2 mL, Akorn, Inc.). For the three absolute presbyopes, cycloplegia was not administrated. The pupil size of the tested right eye in this group was evaluated visually by the experimenter during all testing and estimated to be t5 mm.
Once full cycloplegia and pupillary dilation were achieved, the subject was requested to look into the Badal optical system through the artiWcial pupil with the right eye; the left eye (LE) was fully occluded with a black eye patch (EP). A modiWed ascending method of limits was used. First, the target was positioned at the far point of the subject's right eye, as has been described in detail elsewhere (Wang & CiuVreda, 2004a , 2005a , 2005b . BrieXy, starting from a position of clarity, the target was displaced from clear to blur, and then blur to clear, both proximally and distally a total of three times. Then, the mean distal and proximal endpoints were averaged, and the resultant mean dioptric position was the speciWed far point, with a precision of 0.05 D. Potential eVects of target size on the far point value would be at the resolution limit of the Badal device (0.05 D) (Atchison et al., 2005) . Then, the target was carefully and slowly displaced by the experimenter away from the far point at a rate of approximately 0.1 D/s (Mordi & CiuVreda, 1998; Vasudevan et al., in press; Wang & CiuVreda, 2004a , 2005a , 2005b . The subject was instructed to depress a small handheld clicker when the Wrst, slight detectable blur of the test target was perceived, which was the "detectable blur" threshold. Following this, the test target was repositioned at the far point, and then it was again slowly and carefully displaced away by the experimenter. The subject was instructed to indicate with the clicker when blur of the target became just bothersome or annoying to look at, and furthermore would presumably adversely aVect task performance. This represented the "bothersome blur" threshold. Since it was uncertain if "just detectable blur" and "bothersome blur" were equivalent, the latter measure was also commenced with the target at the far point. Lastly, the test target was continued to be displaced away slowly and carefully from the position of "bothersome blur", until the subject indicated that the test target was just not recognizable or readable. This point was the "non-resolvable blur" threshold. The aforementioned procedure was repeated Wve times for each of the three test targets, and the mean values for each blur threshold were averaged within and across subjects, and then converted to diopters. Due to physical limitations of the device, the three blur thresholds were assessed only distally relative to the measured far point. Order of presentation of the three target types was counterbalanced across subjects.
A subset of subjects was tested for repeatability over 3 time frames. These were within the course of an hour, day, or weeks. Fig. 2A ) and absolute presbyopes (Fig. 2B) Tables 1A and B for the young adult and absolute presbyopic groups, respectively. For each target type in both groups, the blur thresholds signiWcantly and progressively increased for each consecutive criterion. For each blur criterion in both subject groups, the diVerent target types exhibited some signiWcant diVerences (see Tables 1A and B) . Within each target type for the young adults, the mean bothersome blur threshold was always signiWcantly larger than that found for blur detection and signiWcantly smaller than that found for nonresolvable blur. Across target types and blur criteria, the mean bothersome blur thresholds for the isolated 20/50 E (1.02 D) and the 20/50 text (1.34 D) were not signiWcantly diVerent. However, in 12 of the 13 subjects, the latter were larger using a directional criterion only (sign test, p < 0.002). Both were signiWcantly smaller than found for the isolated 20/200 E (1.80 D) (Table 1A) . Results were similar in the absolute presbyopes.
Results
Fig. 2 presents the results for the young adults (
Two diVerent blur JND ratios were developed and used in the analysis: (1) bothersome ratio-(bothersome blur minus detectable blur)/detectable blur and (2) Fig. 3 presents the "bothersome" blur threshold values assessed over an extended period of time in a subset of four subjects. Fig. 3A presents the "bothersome" blur threshold for the 20/50 text results in one of the absolute presbyopes assessed hourly during the course of a day. The values remained relatively constant. The mean value was 1.68 § 0.05(SD), with a range from 1.63 to 1.76 D. Fig. 3B presents the mean "bothersome" blur threshold text values combined across the four subjects, which was comprised of the one absolute presbyope tested in Fig. 3A and three young adults. They were assessed at 20 min intervals over the course of a midday hour and compared with that obtained 6 weeks later. There was no eVect of time on the mean blur threshold values [F (4,15) D 0.173, p D 0.949], and hence they too remained relatively constant.
Discussion
The present Wndings are in reasonable agreement with the two earlier quantitative investigations. In the Plakitsi and Charman (1995) report, the total depth-of-focus ranged from approximately §1.6 ¡ 2.2 D using a 20/40 (single Snellen letter; 50% blur threshold) visual acuity criterion. In the present study using a 20/50 visual acuity criterion (single letter; 100% blur threshold), in conjunction with the bothersome blur criterion, the total depth-of-focus was just over §1.0 D. This diVerence could be due to a variety of factors, such as display mode. In the present study, a high contrast hard copy Snellen letter was presented, whereas in the earlier study, the test letters were presented on a CRT display monitor with its inherent relatively shallow edge luminance gradient (Pelli, 1997) . However, the results of the present study are in good agreement with those of Atchison et al. (2005) with respect to relative dioptric changes across the three criteria, in which similar functional blur criteria were employed. If one takes the inverse of the present two mean JND ratio values (»0.6) for the 20/ 50 single Snellen letter target in the present study, they approximate those values found in the Atchison et al. (2005) report for the various blur criteria.
The present results, as well as those of Atchison et al. (2005) , also relate to an earlier investigation which provides insight into the perceptual aspect of the bothersome blur criterion. In that study (Wang & CiuVreda, 2005b) , it was found that the initial JND for blur discrimination was approximately 60% (0.6) of the depth-of-focus (i.e., the blur detection threshold). In the present study, the bothersome blur increment was also about 0.6 larger relative to the depth-of-focus magnitude, as was true for the troublesome blur magnitude in the Atchison et al. (2005) investigation. Thus, to a Wrst approximation, when one uses either the bothersome blur criterion of the present study, or the troublesome blur criterion of the Atchison et al. (2005) study, in essence one is invoking a similar perceptual unit of blur discrimination with reference to the depth-of-focus magnitude.
Cone pooling
In nearly all of the young adult subjects, the bothersome blur threshold for the 20/50 text (1.34 D) was found to be numerically larger than for the isolated 20/50 letter E (1.02 D), with this having a signiWcant directionally based diVerence when assessed non-parametrically. Given the same central visual resolution demand, this diVerence suggests that target extent exerted some inXuence on the DOF, as found in a recent related study (CiuVreda, Wang, & Wong, 2005) . That is, the 20/50 text subtending 7° horizontally and 2° vertically was more robust to defocus for the bothersome blur criterion than was the isolated 20/50 E with its overall visual angle of only 0.2°. This suggests a partial cone pooling eVect with regard to summation of blur information across the high cone density fovea and near retinal periphery with its less dense cone population which eVectively produces a relative neural blur phenomenon (CiuVreda, 1991 (CiuVreda, , 1998 Wang & CiuVreda, 2004b) .
Blur buVering
In the present study, the group mean bothersome ratio of 0.62 for the isolated 20/50 letter was not signiWcantly diVerent [t (14) D 0.69, p D 0.50] than this initial blur discrimination JND ratio of 0.58 found earlier for a similarly-sized test target (Wang & CiuVreda, 2005b) . Hence, the foregoing Wndings suggest that these two ratios reXect the same phenomenonthe resultant defocus blur becomes bothersome when it is Wrst noticeably blurrier than the initial threshold blur (i.e., the depth-of-focus). This was true in both the young adult and absolute presbyopic test groups.
A "blur buVering" mechanism was proposed to explain the nearly twofold diVerence between the blur detection and the initial blur discrimination thresholds (Wang & CiuVreda, 2004a) . This is similar to the "neural sharpening mechanism" proposed earlier by Jacobs, Smith, and Chan (1989) . In essence, such a mechanism would act to maintain the visual perceptual system resistant to blur in the presence of an initially clear target. The same would be true in the present study. Such a mechanism would function to extend and prolong one's perception of clarity of the visual scene for objects at slightly diVerent physical distances from the conjugate retinal point. This is a desirable eVect. Furthermore, it minimizes the need for accommodative changes with small gaze shifts in depth.
Clinical implications
Current emphasis is on the development of correcting optics that eliminate not only the sphero-cylindrical refractive component of the eye, but also its higher-order aberrations (Williams et al., 2000; Yoon & Williams, 2002) . The concept of bothersome blur may be an additional, and perhaps a more practical, way of evaluating the design of such specialized forms of spectacles, contact lenses, and intraocular lenses, as well as refractive surgery outcomes.
Customized correction of higher-order aberrations will improve the eye's contrast sensitivity function (Yoon & Williams, 2002) , while at the same time theoretically reducing its depth-of-focus (Cantu et al., 2004; Klein, 2001 ). Bothersome blur would provide an additional way to determine if these specialized correcting optics improved an individual's vision performance, and indirectly impacted positively on their quality of life. This is especially critical for multi-focal corrections (i.e., intraocular lenses, contact lenses, and spectacles), in which tolerance to blur may have more functional importance than the detection of blur itself. Both design and acceptance of such optics would be enhanced within the construct of a "bothersome blur" conceptual framework.
Lastly, and related to the above, the concept of bothersome blur is also relevant to progressive addition lens (PALs). Presently, an arbitrary amount of astigmatism is the criterion used by the optical industry to measure and design the zone of "acceptable vision" for PAL wearers. There is no accepted "standard" or criterion in the Weld, with arbitrarily speciWed astigmatic amounts varying from ¡0.50 D (Sheedy, 2004) to ¡1.00 D (Fisher, 1997) . Furthermore, the directional eVects of such astigmatic blur must be addressed, as vertical blur has less adverse eVect on letter clarity than either horizontal or obliquelyoriented blur (Atchison et al., 2005) . A more accurate and functionally-based method would be to deWne the acceptable, and in essence true, physical limits of this zone using the "bothersome blur" criterion, which may be diVerent for spherical versus astigmatic blur.
